The optical properties of a match-like plasmonic nanostructure are numerically investigated using full-wave finite-difference time-domain analysis in conjunction with dispersive material models. This work is mainly motivated by the developed technique enabling reproducible fabrication of nanomatch structures as well as the growing applications that utilize the localized field enhancement in plasmonic nanostructures. Our research revealed that due to the pronounced field enhancement and larger resonance tunabilities, some nanomatch topologies show potentials for various applications in the field of, e.g., sensing as well as a novel scheme for highly reproducible tips in scanning near field optical microscopy, among others. Despite the additional degrees of freedom that are offered by the composite nature of the proposed nanomatch topology, the paper also reflects on a fundamental complication intrinsic to the material interfaces especially in the nanoscale: stoichiometric mixing. We conclude that the specificity in material modeling will become a significant issue in future research on functionalized composite nanostructures.
INTRODUCTION
Metallic nanoparticles exhibiting characteristic optical properties caused by the excitation of localized surface plasmon resonances [1] [2] [3] [4] are widely used, e.g., in biosensing [2] , drug delivery [3] , and biomedical imaging [4] . With the rapid development of nanofabrication processing [5] [6] [7] [8] , as well as the progress in corresponding characterization and measurement technologies, not only simple nanoparticles such as, e.g., spherical particles, but also hybrid nanostructures such as, e.g., nanoshells (nanorices) [9] , nanocups [10] , semi-shells [11] , and nanocrescents [12] can be synthesized by physical and chemical methods. Their optical properties are intensively exploited, displaying promising features such as, e.g., large tuning ranges for surface plasmon resonances reaching from the near infrared to ultraviolet wavelengths, high sensitivities against various properties of the surrounding media, and large local field enhancements [8] [9] [10] [11] [12] . Some of these novel properties are arising from the reduced symmetry of their geometries, and therefore motivated increasing research efforts in developing new yet complicated structures like multiblock nanostructures [13] and multisegment nanowires [7, 14, 15] . These metalsemiconductor heterostructures exhibited exceptional optical properties compared to other shaped nanoparticles in terms of controllability of surface plasmon resonances, multiplex sensing, and unidirectional surface plasmonpolariton propagation.
In this paper, we investigate the optical properties of a new plasmonic structure-the nanomatch-a quasi-onedimensional metallo-dielectric nanostructure using numerical simulations based on the finite-difference timedomain (FDTD) method [16] . The focuses are on the optical properties of the nanomatch structures as functions of the length l of the matchstick, the shape of the match end (i.e., cut depth h), the polarization, as well as the corresponding material properties. Our investigations suggest that due to its pronounced field enhancement, large resonance tunabilities, as well as its mature fabrication techniques for reproducibility, the nanomatch structure is well suited for potential applications in biomolecule detection, with sensing, and as a tip for scanning near field microscopy or tip-enhanced Raman spectroscopy (TERS) [17] . Additionally, the nanomatch structure reported here results in a distinct nanoscale metal-semiconductor contact that may become well suited in the context of future ultra-dense chip-interconnects [5] . Figure 1 shows the transmission electron microscopy (TEM) image of a fabricated nanomatch structure that has been fabricated using nanorobotic spot welding developed by one of the authors [8] . One end of the match is made of a hemispherical-like metallic structure, whereas the matchstick consists of a straight rod made of either dielectric or metal that is attached at the flattened part of the nanoscopic hemisphere. Owing to the advanced fabrication technology other shapes such as conical rods are also possible. By altering the fabrication procedures, one can replace the dielectric part with a metal to set up a metallic heterostructure that is useful for, e.g., contacting electrodes in nanocircuits [5] . In this work, we will numerically investigate the optical properties of the nanomatch structure, where the material of the matchstick is either silica or gold, and the match end is assumed to be gold throughout all the analysis. Noble metals like gold are widely used at optical frequencies due to both the small losses and the fact that gold is chemically inert under ambient conditions.
NANOMATCH STRUCTURE

SIMULATION PRELIMINARIES
Our numerical analysis is carried out using the threedimensional FDTD-based full-wave simulation code [16] . The nanomatch structure consists of a nanowire joint to a truncated metallic nanosphere entailing a small curvature; and the overall nanostructure is embedded in air. It is challenging to simulate such particularly shaped structures at optical frequencies just with conventional FDTD methods due to discretization effects in the underlying orthogonal and staggered grids, which commensurate with the Cartesian coordinate system [18] . Therefore, additional modifications such as improved conformal algorithms using structured meshes [19] are needed in order to improve the numerical accuracy when dealing with curved structures, and in particular with curved interfaces between different materials. In computer simulation technology (CST), a perfect boundary approximation is used to increase the resolution of curved meshes [16] . In addition to the meshing schemes, modeling dispersive materials with curved surfaces still remains to be challenging due to both the complexity in algorithms and the introduction of potential numerical instability in the FDTD computation. A simple solution to the aforementioned instability problem is to use the so-called "effective permittivities" [20] that provide a volumetric treatment of curved boundaries in the Cartesian discretization scheme. To conduct reliable simulations, we used experimental frequency-dependent data for the corresponding metals. The measured data are fitted to a Drude model, where it is easily adaptable to the convolution integral algorithms in FDTD. The measured complex dielectric permittivities for gold [21] and the corresponding fitted models are shown in Fig. 2 . Note the differences between these two data sets: smaller deviations exist for the real parts of these two models within the wavelength of interest, while the imaginary parts show larger differences when the wavelengths are close to the resonance of bulk gold material. Since the imaginary part always indicates the presence of losses in the material, the derived field in the structure is underestimated for wavelengths larger than 500 nm and is otherwise overestimated below wavelengths of 500 nm when using the fitted material model (Fig. 2) . We have compared the two data sets (measured and fitting models) in a frequency domain calculation for a 20 nm gold sphere [1] and found that the resulting resonances are separated by 2 nm and the electric field enhancements are differing by 11% in amplitude. Therefore, finding better-adapted fitting models that are even transferable into time-domain representations still remains a challenging task. However, the built-in functions in CST do not support the flexibility of using different fitting models to the measured data, which should be kept in mind when comparing the results with the ones stemming from different codes. In the presented work, namely, throughout all the corresponding simulations, we will refer our material models for gold to the fitted data as displayed in Fig. 2 .
The overall simulation domain is truncated and surrounded with perfectly matched layers (PMLs) yielding separation distances of 200 nm between all such boundaries and the nanomatch structure. We use four-layer convolution perfectly matched layers (CPMLs) with reflection coefficients below 0.0001 in order to minimize undesired spurious reflections in the calculations. The new CPML formulation in CST [16] also provides a materialindependent absorbing boundary condition, namely, if electric, magnetic, and conducting material properties are considered to improve the absorption efficiencies. Besides the boundary conditions, mesh generation is an important issue when using CST. The mesh is linearly graded with a 10:1 ultimate ratio; i.e., if the grid cells in the immediate vicinity of the nanomatch have typical sizes of around ϳ0.1 nm on each side, the cells on the outer boundary of the simulation volume will have dimensions on the order of ϳ1 nm. Mesh cells as small as 0.1 nm are used in our simulations. Evidently, this will lead to a large number of grid cells. To reduce the memory requirements and computation time, symmetry planes are introduced either as an electric wall (i.e., a perfect electric conducting plane) or as a magnetic wall (i.e., perfect magnetic conducting plane). The simulations are run on an Intel quad core processor (3 GHz) with 32 Gbytes random access memory, with typical runtimes on the order of several tens of hours.
As can be observed in Fig. 1 the displayed end of the nanomatch has a reduced symmetry compared to the spherical particle; hence its optical properties might become polarization dependent. In the present work, we consider two polarization directions with respect to the axis of the nanomatch (i.e., the y direction, which also defines the corresponding orientation of the non-spherical match end) for the plane wave excitation incident along the x direction having, thus, either an E y or E z polarization, while for the structures with a fully developed matchstick only E y polarization is used. A typical end region of the nanomatch, i.e., the non-spherical match end, is shown in Fig. 3 together with an equally sized sphere for comparison reasons. The radius R is set to 10 nm throughout the simulations and the cut depth h is varied and can be precisely controlled during the fabrication. The proper radius of the matchstick is therefore a function of h and is governed by the simple geometrical relation
In the following section, the optical properties of the nanomatch structures are investigated as functions of the cut depth h, the length of the matchstick l, the shape of the matchstick, as well as the material properties of the matchstick where the thickness of the latter is based on the structural relations provided in Eq. (1).
RESULTS AND DISCUSSION
A. Optical Properties of the Metallic Match End
The spectral responses of the scattering cross section (SCS) of the match end are shown in Fig. 4 . The resonance of a single sphere (i.e., a match end with a cut depth of h = 0 nm) was found at a wavelength of 525 nm in the visible spectrum where the underlying material properties correspond to the fitted model (cf. Fig. 2 ) as implemented in CST. Note that the resonance of a single spherical nanoparticle can be analytically predicted in the framework of Mie theory [1] . For instance, the resonance wavelength of a gold sphere with a diameter of 20 nm amounts to 523 nm where the optical properties of gold are given by the well-known reference data from Johnson and Christy [21] . The resulting 2 nm discrepancy between the two resonance wavelengths is due to a minor mismatch of the fitted permittivity model with respect to the reference data as shown in Fig. 2 . Nevertheless, this will have no significant impact on our further analysis of the different nanomatch configurations as long as we stick to the same material model. From Fig. 5(a) we observed that for a y-polarized plane wave excitation ͑E y ͒, the electric field strength at the match end's bulge obeys an overall decreasing tendency with respect to the increasing cut depth h. This can be attributed to a redistribution of charge toward the cut edge at the expense of the charge density at the proper bulge. It is worth noting that in some codes such as, e.g., the boundary element methods, the cut edges are necessarily rounded to avoid numerical instabilities due to emerging field singularities at the proper edges [22] . Standard implementations of FDTD are hardly affected by those sharp edges due to the inherent lack of resolution in the underlying domain discretization schemes (i.e., the staggered meshes in the Cartesian coordinate systems) [18] . However, if unstructured meshes based on, e.g., hexahedral or tetrahedral meshes were used in the FDTD scheme, one has inevitably to rely on linear approximations for the object shapes in these regions in order to avoid inverted elements, where the latter seem likely to provide extremely dense meshes and, hence, an intractably large number of degrees of freedom. In order to foster stability in the subsequent simulations all emergent edges within the nanomatch configurations are rounded according to a 1 nm radius.
In this study the resonances of the match end are of particular interest. Typically, the partial removal of metal results in a slightly redshifted resonance compared to the spherical particle for cut depths h approaching 10 nm. This is evident from Fig. 4(a) for E y polarization where the resonance wavelengths amount to 526, 527, 528, and 530 nm for the corresponding cut depths of 2, 4, 6, and 10 nm, respectively. An exception to the displayed behavior is provided at a cut depth of 8 nm, where the resonance wavelength bounces with 522 nm even below the resonance of the spherical particle. When the cut depth h reaches 16 nm, the significant resonance continues to redshift again while a smaller resonance peak has emerged on the high-energy side.
For E z polarization, the electric field strengths at the match end's bulge are lowered due to the change in polarization directions, and for increasing cut depths below 7 nm the resonance wavelengths become decreasingly blueshifted compared to the resonance of the spherical particle [cf. Fig. 4(b) ]. Interestingly, at h = 7 nm the resonance wavelength approaches the value for the spherical particle, whereas for larger cut depths the redshift continues. The anomaly that occurs here at around h = 8 nm behaves contrary to the case of y-polarization, showing a swing toward 542 nm, which lies significantly above the resonance wavelength of the spherical particle. For deeper cuts, i.e., h Ͼ 10 nm, only a barely visible indication for additional resonances is found in the spectrum. These behaviors are different compared to semi-shell structures with comparable diameters as reported in [11] , where additional resonances will evolve at some wavelengths depending on the removal of the conducting material. A straightforward interpretation of the reported spectral behavior becomes very challenging since mode hybridization concept [23] is not applicable here for such nanomatch structures. One of the main reasons is that because the mode hybridization concept implies electromagnetic interaction between the modes of two (or more) different objects (such as a nanosphere and a nanocavity as observed in the case of plasmonic nanoshells or two closely located nanoparticles or optical microcavities), which results in the mode splitting into symmetric or "bonding" modes and antisymmetric or "antibonding" modes, while the symmetry-breaking deformation of the spherical particle shape considered here simply results in lifting the degeneracy of the dipole mode and thus in the appearance of additional peaks in the particle spectrum. The reported anomalous wavelength shifts are thus believed to originate from such a symmetrybreaking of spherical shapes, which then finally tends to evolve into the resonance splitting for large cut depths.
However, the mode coupling is not so strong due to the small particle size compared to the operating wavelengths. Note that the apparent polarization sensitivity is mainly supported by structures with a reduced symmetry [11] as displayed in Fig. 5 , where the electric field patterns at resonance are shown for the nanomatch end according to the various cut depths h. From the field patterns, one can observe that a dipolar behavior is generally present at resonance where higher order modes start to emerge for cut depths h Ͼ 14 nm.
B. Nanomatch with a Cylindrical Dielectric Matchstick
As shown in Fig. 1 the overall nanomatch structure comprises the previously discussed match end together with a cylindrical dielectric rod of circular cross section as illus- trated in the inset of Fig. 6 . The dielectric rod (i.e., the matchstick) is made up of silica with SiO2 = 2.25 and its diameter fits in with the diameter of the match end's circular cut edge (cf. Fig. 2 ). Figure 6 displays the electric field strength at the apex of the nanomatch (i.e., the match end's bulge) as a function of the wavelength for various matchstick lengths l and for y-polarization. Here, the cut depth h is assumed to be equal to 10 nm, rendering the match end a hemisphere where the resulting diameter of the joint matchstick amounts to 20 nm. The electric field strength at resonance increases slightly with the growing matchstick length l, reaching a maximum at the apex for l around 200 nm. This is partially due to mode interaction at the proper junction between the metal and dielectric matchstick, involving the mode supported by matchstick as well as the localized mode on the match end at which a pronounced charge accumulation is induced by this process. Interestingly for longer matchsticks (i.e., l Ͼ 600 nm) the field enhancement saturates at a constant level, indicating that the metallic hemisphere plays the essential part with respect to the field enhancement due to the excitation of surface plasmon resonances. As observed in Fig. 6 the resonance wavelength of the match end with a cut depth of h = 10 nm is shifted only by a few nanometers while adding the dielectric matchstick to the structure, confirming the dominant influence of the match end on the spectral response of the field enhancement. In contrast, the resonance of the nanomatch seems to be significantly influenced by the contact geometry at the proper joint. A transversal misalignment between the match end and matchstick of about 5 nm will already yield an observable shift in the resonance wavelength. This happens quite often during experiments where a metallic particle is manually attached to an atomic force microscope tip [24] , especially when the extent of the nanoparticle is larger than the tip's apex. To conclude, the nanomatch structure described above turns out to be well suited as an efficient nanotip in, e.g., scanning near field microscopy measurements. One of the main advantages for such measurements lies in that the geometry of the structure can be precisely controlled during fabrications; thus the uncertainties caused by manual operations [24] could be reduced to the utmost extent. Due to the clearly defined geometry, reproducibility could be maintained if the tip was damaged during experiments, and one has to replace another tip to continue doing measurements. On the other hand, it has been recently reported that some experiments still lack in reproducibility also when similar tips were adopted [25, 26] .
C. Nanomatch with a Cylindrical Metallic Matchstick
In the framework of the specific fabrication technology such as nanorobotic spot welding the material of the matchstick can be easily varied during processing [8] . As observed in earlier studies metallic nanorods yield larger SCSs at optical frequencies than dielectric nanorods having the same dimensions [27] . Hence it would be interesting to investigate the variations of the optical properties of the nanomatch structure when the dielectric matchstick is replaced with a nanorod made of gold. For the first nanomatch in the subsequent analysis a match end with a diameter of 20 nm and a cut depth of h = 2 nm has been chosen yielding a diameter of 12 nm for the cylindrical matchstick when following geometrical relation (1) . The spectral response of the electric field strength at the match end's apex is shown in Fig. 7(a) for different matchstick lengths. The electric field increases significantly for matchstick lengths starting at 20 nm and continues to increase until the length reaches a value of about 100 nm. This is in conjunction with a strong redshift of the dipole resonance, which is actually not captured by the chosen frequency range in Fig. 7(a) . For l Ͼ 500 nm the field enhancement slightly decreases to an almost constant level. The appearance of several higher-order resonances is indicated in the wavelength range of interest for matchstick lengths l Ͼ 70 nm. These additional resonances are actually based on mode coupling effects between the resonant fields on the match end and the matchstick.
The aforementioned mode coupling involves, e.g., dipole-dipole interactions at a wavelength of 520 nm [cf. Fig. 8(a) ] and dipole-multipole interactions at 522 nm [cf. Fig. 8(b) ], whereas an overall dipole behavior of the nanomatch to the impinging field is observed for a wavelength of 800 nm [cf. Figs. 8(a) and 8(b) ]. Note that for cut depths h Ͻ 10 nm, the feature size of the match end is larger than the diameter of matchstick; hence, the field strength at the apex of match end is merely governed by the charge distribution on the truncated nanosphere, yielding only minor variations in the field enhancement at resonance. The situation is different for cut depths h Ն 10 nm, where the diameter of the matchstick is equal or even larger than the lateral extent of the metallic match end. In this regard Fig. 7(b) displays the spectral response of the electric field strength at the apex of the match end for a cut depth of h = 10 nm as well as for growing stick lengths l yielding field strengths at redshifted resonances that are significantly increased. The redshift due to increasing matchstick length is in perfect agreement with classical antenna theory that has been already translated into the realm of optical dipole antennas [28] .
D. Nanomatch with a Conical Metallic Matchstick
Both nanomatch configurations, namely, the one with a dielectric and with a metallic matchstick support highly tunable plasmon resonances. Nevertheless, when the extent of the match end gets larger than the diameter of matchstick, the field enhancement due to localized surface plasmons is still poor even for structures with a metallic matchstick. A large field enhancement is, however, indispensable in some applications such as sensing [2, 17] and the TERS experiments [17] in order to improve the detection resolution. Therefore, some additional mechanisms, which may not be directly related to the surface plasmon resonances, such as, e.g., the "lighting rod effect" [29] could be introduced into the nanomatch topology. A simple way to realize the aforementioned idea is to use a conical metallic matchstick as shown in the inset of Fig. 9 . In order to maintain the matchstick's outline characteristics the conical shape should comply with an acute angle. The full angle of the truncated cone is set to 12°where the smaller facet has a lateral extent of 20 nm allowing a precise joint to the hemispherical match end with a cut depth of 10 nm. This conical structure is similar to the nanotips, which are widely used in scanning near field microscopy and TERS [17, 30] . In our numerical simulations we use gold as the underlying material for both the match end and matchstick. The electric field strength at the tip apex as a function of wavelength is shown in Fig. 9(a) . Interestingly, five to ten times larger field enhancements were observed at the match end for conical shapes with even small acute angles compared to nanomatches with cylindrical matchsticks as depicted in Fig. 7(b) . In principle further field enhancement is feasible with a reduced tip size in conjunction with an optimal conical angle, where atomic resolution is in principle accessible for tip diameters in the range of 1-2 nm [31] . However, conical nanomatch topologies with such tiny match ends are not producible with our fabrication technology [8] . The limit of the tip diameters in the case of conical nanomatch topologies that is accessible with the developed nanomatch fabrication technique is about 15 nm. An interesting workaround consists of increasing the cut depth h to, e.g., 16 nm resulting in a slight reduction in the smaller facet's lateral extent. The tip-like region of the nanomatch encompasses a circular wedge, from which we expect a ringshaped charge accumulation due to the lightning rod effect. Interestingly, this charge accumulation in conjunction with the conical outline of the overall nanomatch seems to repulse some further charges into the tip's apex. The spectral response of the resulting maximal electric field strength is depicted in Fig. 9(b) where a five times larger field enhancement is observed for l =20 nm and a 1.2 times larger field enhancement for l = 100 nm compared to the corresponding values for the cylindrical nanomatch [ Fig. 9(a) ]. Further improvements are expected from loss reduction when using silver instead of gold. Future research has to focus on the combination of the two metals, because such composite nanostructures may offer additional degrees of freedom for tackling tuning issues of the underlying plasmon resonances together with other concerns like, e.g., a large field enhancement. In this way the resonance tuning range from visible to near infrared can be reached.
It is worth mentioning that within all the previous simulations we have excluded the case of an infinitely long matchstick for obvious reasons. In practice, a very long matchstick is needed when looking to realistic experimental settings involving nanotips. A test model to approximate the infinite extent of a conical nanomatch has been carried out where the fat end of the metallic matchstick was directly mounted on a PML. The emergent resonances become much weaker where a flat baseline dominates the long wavelength range. The main (lowest order) resonance reached a relatively constant value when the length of the match stick is more than 10 m in our simulation. This is coinciding with the experimental observations when an infinitely long metallic nanotip is used. It also should be pointed out here that directly mounting the metallic matchstick onto a PML would cause some numerical problems (i.e., interference patterns at the truncated matchstick end, high fields, etc.) due to the impedance mismatches between adjacent boundaries: the reflections between metal and PML are present and this might influence the calculation results a lot. One then has to choose the matchstick as much as possible to avoid the spurious reflections so that accurate results coinciding with experiments can be obtained.
A final issue concerns the involved material models. In our simulations realistic models for pure metals and dielectrics have been used, which may considerably deviate from experimental results due to stoichiometric mixing effects at the apparent material interfaces. The formation of alloys in the interface regions highly depends on the processing parameters of the underlying fabrication technology, rendering any modeling effort to become strongly reliant on preliminary material characterization such as, e.g., energy filtered TEM. With respect to, e.g., a gold/ semiconductor (InAs) interface we recently observed significant indium migration from the matchstick into the gold hemisphere, leading to an estimated relative detuning of the localized surface plasmon on the order of 10% [31] . This very approximate value illustrates a fundamental complication, namely, that any modeling effort is in- herently compromised by the lack of reliable optical material models for such specific alloys, whereas the alloy formation is a very local product of the underlying processing history.
CONCLUSIONS
We numerically investigated the optical properties of a newly fabricated composite wire structure-the nanomatch. A finite-difference time-domain (FDTD) method has been used and the numerical analysis has demonstrated that such a plasmonic nanostructure could be functionalized to support reliable optical properties, such as, e.g., negligible detuning when the cut depth of the match end is considerably small. Larger resonance shifts can be found when the matchstick of a corresponding length is introduced. Our research revealed that the nanomatch is eligible for various applications in the field of, e.g., sensing and provides a novel scheme for highly reproducible tips in scanning near field optical microscopy and tip-enhanced Raman spectroscopy (TERS). Further research will explore the applicability of the nanomatch in the context of short-range energy channeling as well as its implementation as nanoelectrodes in future nanophotonic circuits.
